Mucin 1 (MUC1) is a heterodimeric protein that is aberrantly overexpressed on the surface of diverse human carcinomas and is an attractive target for the development of mAb-based therapeutics. However, attempts at targeting the shed MUC1 N-terminal subunit have been unsuccessful. We report here the generation of mAb 3D1 against the nonshed oncogenic MUC1 C-terminal (MUC1-C) subunit. We show that mAb 3D1 binds with low nM affinity to the MUC1-C extracellular domain at the restricted a3 helix. mAb 3D1 reactivity is selective for MUC1-C-expressing human cancer cell lines and primary cancer cells. Internalization of mAb 3D1 into cancer cells further supported the conjugation of mAb 3D1 to monomethyl auristatin E (MMAE). The mAb 3D1-MMAE antibody-drug conjugate (ADC) (a) kills MUC1-C-positive cells in vitro, (b) is nontoxic in MUC1-transgenic (MUC1.Tg) mice, and (c) is active against human HCC827 lung tumor xenografts. Humanized mAb (humAb) 3D1 conjugated to MMAE also exhibited antitumor activity in (a) MUC1.Tg mice harboring syngeneic MC-38/MUC1 tumors, (b) nude mice bearing human ZR-75-1 breast tumors, and (c) NCG mice engrafted with a patient-derived triple-negative breast cancer. These findings and the absence of associated toxicities support clinical development of humAb 3D1-MMAE ADCs as a therapeutic for the many cancers with MUC1-C overexpression.
Introduction
Mucin 1 (MUC1) is a heterodimeric protein that is aberrantly overexpressed by diverse types of carcinomas, including those of the breast and lung (1, 2) . Based on these and other findings, the National Cancer Institute Project for the Acceleration of Translational Research ranked MUC1 as the second-most promising cancer antigen among 75 candidates (3) . MUC1 is translated as a single polypeptide, which undergoes autocleavage into two subunits at a sea urchin sperm protein, enterokinase, agrin (SEA) domain (1, 2) . The MUC1 N-terminal (MUC1-N) subunit contains highly glycosylated tandem repeats that are a physical characteristic of the mucin family (1, 2) . MUC1-N forms a complex with the MUC1 C-terminal (MUC1-C) subunit at the cell membrane and is shed from the surface of cancer cells in association with increased plasma levels (1, 2) . In this context, the clinical development of mAbs, such as AS1402 (huHMFG-1) and BrevaRex (AR-20.5), directed against the MUC1-N subunit was unsuccessful, in part because of the circulating pools of MUC1-N that preclude targeting of antibodies to the surface of tumor cells (4) (5) (6) (7) . By contrast, the nonshed MUC1-C subunit, which functions as an oncoprotein, represents an attractive target for the development of mAb-based therapeutics (1, 2, 8) .
MUC1-C consists of a 58-aa extracellular domain, a 28-aa transmembrane domain, and a 72-aa cytoplasmic tail (1, 2) . The MUC1-C extracellular domain (MUC1-C/ED) has a single motif for N-glycosylation, which, in turn, functions as a binding site for galectin-3 (9) and includes α3 and α4 helices, as determined by NMR spectroscopy (10) . The MUC1-C cytoplasmic tail is an intrinsically disordered protein, as is found in oncoproteins that intersect with multiple signaling pathways (11) . The MUC1-C cytoplasmic domain is thus phosphorylated by diverse kinases and directly interacts with effectors of signaling pathways that have been linked to oncogenesis (1, 2, 8) . In this way, MUC1-C contributes to loss Mucin 1 (MUC1) is a heterodimeric protein that is aberrantly overexpressed on the surface of diverse human carcinomas and is an attractive target for the development of mAb-based therapeutics. However, attempts at targeting the shed MUC1 N-terminal subunit have been unsuccessful. We report here the generation of mAb 3D1 against the nonshed oncogenic MUC1 C-terminal (MUC1-C) subunit. We show that mAb 3D1 binds with low nM affinity to the MUC1-C extracellular domain at the restricted α3 helix. mAb 3D1 reactivity is selective for MUC1-C-expressing human cancer cell lines and primary cancer cells. Internalization of mAb 3D1 into cancer cells further supported the conjugation of mAb 3D1 to monomethyl auristatin E (MMAE). The mAb 3D1-MMAE antibody-drug conjugate (ADC) (a) kills MUC1-C-positive cells in vitro, (b) is nontoxic in MUC1-transgenic (MUC1.Tg) mice, and (c) is active against human HCC827 lung tumor xenografts. Humanized mAb (humAb) 3D1 conjugated to MMAE also exhibited antitumor activity in (a) MUC1.Tg mice harboring syngeneic MC-38/MUC1 tumors, (b) nude mice bearing human ZR-75-1 breast tumors, and (c) NCG mice engrafted with a patient-derived triple-negative breast cancer. These findings and the absence of associated toxicities support clinical development of humAb 3D1-MMAE ADCs as a therapeutic for the many cancers with MUC1-C overexpression.
of polarity, the cancer stem cell state, epithelial-mesenchymal transition, and epigenetic programming of cancer cells (8, 12) . Moreover, MUC1-C integrates the epithelial-mesenchymal transition program with induction of the programmed death ligand 1 (PD-L1) and immune evasion (12) (13) (14) (15) . In concert with these findings, overexpression of MUC1-C in breast and lung carcinomas is associated with induction of gene signatures that are predictive of significant decreases in disease-free and overall survival, further supporting the attractiveness of MUC1-C as a cancer target (16) (17) (18) .
The present studies describe the development of what to our knowledge is a first-in-class mAb, designated 3D1, which reacts specifically with the MUC1-C/ED at the α3 helix. We show that mAb 3D1 binds selectively and with high affinity to the surface of MUC1-C-expressing human cancer cells. The results demonstrate that mAb 3D1 and the humanized mAb (humAb) 3D1 are highly effective as antibody-drug conjugates (ADCs) in delivery of the payload, monomethyl auristatin E (MMAE), to cancer cells growing in vitro and as tumors in mouse models.
Results
Interaction of mAb 3D1 with the α3 helix in the MUC1-C/ED. MUC1 was translated as a single polypeptide that undergoes autocleavage within a conserved G^SVVV motif in the extracellular SEA domain (10, 19, 20) (Supplemental Figure 1A ; supplemental material available online with this article; https:// doi.org/10.1172/jci.insight.99880DS1). In turn, the resulting MUC1-N and MUC1-C terminal subunits formed a stable heterodimer that was expressed at the cell membrane (Supplemental Figure 1B, top) . The generation of mAbs against the MUC1-C/ED has been limited, at least in part, by a lack of understanding how the heterodimer forms. For this reason, we identified a putative structure for the extracellular MUC1-N/MUC1-C heterodimer, which aligns the MUC1-N LGL motif with the MUC1-C LTL motif (Supplemental Figure 1B, bottom) . In support of this structure, incubation of a MUC1-N 62-aa fragment (p62; Supplemental Figure 1C , left) with the MUC1-C 58-aa extracellular domain (MUC1-C/ED; Supplemental Figure 1C , right) resulted in the formation of a heterodimer (Supplemental Figure 1D , left). The importance of the LXL motifs in stabilizing this extracellular heterodimer was further supported by the demonstration that the interaction was abrogated by the p62 LGL→AGA and MUC1-C/ED LTL→ATA mutations (Supplemental Figure 1D , right).
Hybridomas generated from the immunized mice were screened for reactivity against the MUC1-N p62/MUC1-C/ED p58 heterodimer. Clone 3D1 was selected from this screen based on reactivity with a K D of 17 nM, as determined by surface plasmon resonance ( Figure 1A ). As a control, an IgG1 isotype identical mAb, CD1, which reacts with the MUC1-C cytoplasmic domain (21) , had no detectable binding ( Figure  1B) . Disruption of the MUC1-N p62/MUC1-C/ED p58 heterodimer formation with L→A mutations had no apparent effect on mAb 3D1 binding ( Figure 1B) , indicating that the 3D1 antibody is not reactive with the MUC1-N/MUC1-C junction. In addition, mAb 3D1 had no detectable binding to MUC1-N p62 ( Figure  1B) , suggesting that the epitope resides in the MUC1-C/ED p58 region. MUC1-C/ED includes a predicted α3 helix (α3: VHDVETQFNQ) (10) that is largely conserved in humans, cynomolgus monkeys, and mice ( Figure 1C ). Using site-directed mutagenesis to determine if the α3 helix is the mAb 3D1 epitope, we found that reactivity of mAb 3D1 was decreased in part by mutation of the MUC1-C/ED D19 residue to glutamic acid (D19E) ( Figure 1D ). Moreover, mutation of the other conserved V20 and T22 residues abrogated mAb 3D1 binding ( Figure 1D ), clearly demonstrating that mAb 3D1 binds to the α3 helix ( Figure 1E) .
Selectivity of mAb 3D1 for MUC1-C-expressing carcinoma cells.
A BLAST search demonstrated that the α3 helix sequence is restricted to MUC1-C, indicating that mAb 3D1 reactivity should be selective for MUC1-C-expressing cancer cells. To assess selectivity of mAb 3D1 binding, we first performed studies with MUC1-null HCT116 colon cancer cells, which were transfected to stably express an empty vector or MUC1 (22) . In this model, mAb 3D1 reactivity was detectable with HCT116/MUC1 as compared with HCT116/ vector cells (Figure 2A ). These results were confirmed in studies demonstrating that mAb 3D1 selectively binds to HCT116/MUC1 cells with a half-maximal concentration (EC 50 ) of 16.4 nM ( Figure 2B ). We also studied MDA-MB-468 triple-negative breast cancer (TNBC) cells expressing a control shRNA (CshRNA) or a MUC1-targeting shRNA in order to knock down MUC1-C expression (23) . We found that binding of mAb 3D1 to MDA-MB-468/MUC1 shRNA cells was substantially decreased compared with that in MDA-MB-468/CshRNA cells ( Figure 2C ), providing further support for selectivity of this antibody against MUC1-C-expressing cells. In concert with the findings from these MUC1 knockin and knockdown studies, analysis of (a) the HCC827 and H441 non-small cell lung cancer (NSCLC) lines, which constitutively To extend these lines of investigation, we next studied mAb 3D1 reactivity in formalin-fixed, paraffin-embedded (FFPE) sections of representative MUC1-expressing tumors. As determined by IHC, mAb 3D1 staining was detectable throughout a ductal breast carcinoma ( Figure 3A , left) and was selective for cancer cells, as compared with normal ductal epithelial cells ( Figure 3A , right). Selectivity of mAb 3D1 reactivity for carcinoma cells was also found from staining of a (a) NSCLC of the adenocarcinoma subtype ( Figure 3B ) and (b) gastric carcinoma ( Figure 3C ).
mAb 3D1 is effective in delivering MMAE to MUC1-C-positive cancer cells in vitro and in vivo.
mAb 3D1 was labeled with Alexa Fluor 488 to assess whether binding to the surface of carcinoma cells is associated with internalization. As a representative experiment, incubation of HCT116/MUC1-C cells with mAb 3D1-Alexa Fluor 488 was associated with cell surface binding at 4°C and internalization at 37°C ( Figure 4A ). By contrast, there was no detectable internalization of mAb 3D1-Alexa Fluor 488 in studies with HCT116/vector cells (Supplemental Figure 3) . Based on these findings, we conjugated mAb 3D1 to MMAE using the cleavable maleimido caproyl-valine-citrulline linker. Incubation of mAb 3D1-MMAE with HCT116/vector and HCT116/MUC1 cells demonstrated MUC1-Cdependent killing with a half-maximal lethal concentration (LC 50 ) of 3.8 nM ( Figure 4B ). In concert with these results, mAb 3D1-MMAE was effective in killing MDA-MB-468/CshRNA, but not MDA-MB-468/MUC1 shRNA, cells ( Figure 4C ) and HCC827 cells ( Figure 4D ) at low nM concentrations.
To assess potential delivery of the ADC in vivo, pharmacokinetic studies of mAb 3D1 were first performed by administering doses of 5 and 10 mg/kg i.v. in C57BL/6 mice. The C max and area under the curve (AUC 0-t ) were proportional to the administered dose (Supplemental Table 1 ). Additionally, the elimination half-life (t 1/2 = ~9 days) was similar for both doses (Supplemental Figure 4 and Supplemental Table 1 ), indicating favorable pharmacokinetics in mice. Based on these findings, mAb 3D1-MMAE ADCs were administered as a single dose of 15 mg/kg i.v. to human MUC1-transgenic (MUC1.Tg) mice, which express MUC1 in a pattern and at levels found in humans (26) . Notably, there was no evidence of (a) weight loss and other overt toxicities or (b) histopathologic damage to the multiple MUC1-expressing normal tissues, including the lung, colon, and kidney (Supplemental Figure 5) . mAb 3D1-MMAE ADCs were then administered to nude Figure 4E ). In addition, there was no evidence of weight loss (Supplemental Figure 6 ) or other overt toxicities in this model.
Humanization of mAb 3D1. Based on the above findings, mAb 3D1 was humanized by complementarity determining region (CDR) grafting. HumAb 3D1 clones analyzed by BIAcore and FACS titration were ranked by affinity for selection of the candidate humAb 3D1. As found for mouse mAb 3D1, reactivity of humAb 3D1 was selective for HCT116 cells expressing MUC1 at an EC 50 of 13 nM (Supplemental Figure 7) . To assess the distribution of humAb 3D1 in vivo, we generated mouse MC-38 colon cancer cells that stably express an empty (MC-38/vector) or MUC1 (MC-38/MUC1) vector. Reactivity of humAb 3D1 was detectable on the surface of MC-38/MUC1, and not MC-38/vector, cells (Supplemental Figure 8A ). MUC1.Tg mice are tolerant to MUC1 and thereby represent an immunocompetent model for the growth of MC-38/MUC1 tumors (27) . We therefore used this model to assess the effects of humAb 3D1 conjugated to MMAE. Administration of humAb 3D1-MMAE ADCs at a single dose of 10 mg/kg i.v. resulted in significant inhibition of MC-38/MUC1 tumor growth (Supplemental Figure 8B ). In concert with the above studies with mAb 3D1-MMAE ADCs in MUC1.Tg mice, i.v. administration of humAb 3D1-MMAE ADCs had no effect on body weight (Supplemental Figure 8C ) and no adverse effects on MUC1-C-expressing normal tissues. We also found that i.v. dosing of humAb 3D1-MMAE ADCs at 10 mg/kg once or 5 mg/kg/wk for 3 weeks had no effect on blood chemistry values (Supplemental Table 2 ) or hematologic parameters (Supplemental Table 3 ).
Activity of humAb 3D1-MMAE ADCs against human cancer cells. As demonstrated for mAb 3D1-MMAE ADCs, the humAb 3D1-MMAE ADCs were effective in killing HCT116/MUC1, but not HCT116/vector, cells ( Figure 5A ; LC 50 = 13 nM), and HCC827 cells ( Figure 5B ; LC 50 = 9 nM). In addition, the effects of treating ZR-75-1 cells with humAb 3D1-MMAE ADCs (LC 50 = 1.2 nM) were comparable to those obtained with mAb 3D1-MMAE ADCs (LC 50 = 1.3 nM) ( Figure 5C ), in concert with the similar affinities of the mouse and humanized 3D1 antibodies. To further assess antitumor activity of the humAb 3D1-MMAE ADCs, nude mice with established ZR-75-1 tumor xenografts (~200 mm 3 ) were treated i.v. with 5 mg/ kg/wk for 3 weeks. In this model, administration of the humAb 3D1-MMAE ADCs was associated with tumor regressions and durable responses ( Figure 5D ). MUC1-C is overexpressed in approximately 90% of TNBCs and is an attractive target for the treatment of this aggressive disease (28) . Accordingly, NCG mice harboring a patient-derived xenograft (PDX) TNBC tumor, which expresses MUC1-C, were treated i.v. with humAb 3D1-MMAE ADCs at 5 mg/kg/wk for 3. As found in the ZR-75-1 xenograft model, treatment of the PDX TNBC tumors resulted in durable responses ( Figure 5E ). 
Discussion
The MUC1-C oncoprotein is a highly attractive target based on its aberrant overexpression in many types of carcinomas (Supplemental Figure 9) . The importance of MUC1-C in driving the epithelial-mesenchymal transition program, the cancer stem cell state, drug resistance, and immune evasion has further emphasized a critical need for developing agents against this target (8, (12) (13) (14) (15) . The present results describe the development of an antibody, designated 3D1, which reacts with high affinity to the MUC1-C/ED. mAb 3D1 reacts specifically with MUC1-C on the cancer cell surface, as evidenced by flow cytometry studies comparing isogenic cells with knockin and knockdown of MUC1 expression. We also found that mAb 3D1 binds to the surface of multiple NSCLC and breast cancer cell lines. By extension, mAb 3D1 reactivity was similarly detected on the surface of primary NSCLC cells from a resected tumor. Staining of sections from FFPE tumors further showed mAb 3D1 reactivity with breast, NSCLC, and gastric cancer cells but not surrounding normal epithelia, supporting a breadth of carcinomas that could be selectively targeted with this antibody.
Epitope mapping showed that mAb 3D1 binds to the MUC1-C/ED α3 helix, which is also present in Muc1-C proteins from cynomolgus monkeys and mice. In this regard, mAb 3D1 binds with similar affinity to MUC1-C/ED derived from humans, cynomolgus monkeys, and mice. Junctional mAbs generated against the SEA region encompassing the shed MUC1-N and MUC1-C subunits have been limited by extent of internalization and absence of antitumor activity (29, 30) . By contrast, the specific targeting of the MUC1-C/ED α3 helix has not been previously described to our knowledge. Another characteristic of relevance for the development of mAb 3D1 is that binding of this antibody to the cancer cell surface is associated with internalization, indicating that mAb 3D1 could be employed for the delivery of payloads. Indeed, we found that conjugating mAb 3D1 to MMAE is highly effective as an ADC for killing MUC1-C-expressing cancer cells at low nM concentrations. We also found that mAb-3D1-MMAE treatment is effective in inhibiting growth of established HCC827 NSCLC xenografts in nude mice in the absence of weight loss or other apparent toxicity. This lack of toxicity was of interest in that (a) mouse Muc1-C is expressed on normal epithelial tissues and (b) mAb 3D1 recognizes mouse Muc1-C/ED with a similar affinity to that obtained for human MUC1-C/ED. These findings indicated that the mAb-3D1-MMAE ADC selectively targets MUC1-C on tumor cells and not Muc1-C on normal tissues. MUC1.Tg mice represent an excellent model for further assessing the toxicity of mAb 3D1-MMAE ADCs in a setting in which human MUC1-C is expressed in normal epithelial tissues in a pattern and at a level comparable to that found in humans (26) . In addition, tolerance of MUC1.Tg mice to human MUC1-C provides an opportunity for assessing the activity of these ADCs against MUC1-C-expressing syngeneic tumor cells. Based on these aspects of the model, the mAb 3D1-MMAE ADCs were administered to MUC1.Tg mice bearing MC-38/MUC1-C tumors. We found that the ADCs induced antitumor activity in the absence of toxicity to MUC1-C-expressing normal tissues. One explanation for this selectivity is that MUC1-C is overexpressed in cancer cells as compared with that in normal epithelia. Additionally, MUC1-C expression is restricted to the apical borders of normal epithelial cells (26) . By contrast, carcinoma cells exhibit loss of apical-basal polarity and MUC1-C is expressed over the entire cell surface (1), invoking the notion that tumors may be more readily accessible to antibodies, and potentially other immune effectors, than the apical borders of epithelial cells facing the external environment. Thus, mAb 3D1-mediated approaches against MUC1-expressing tumors could have highly favorable therapeutic profiles because of distinct levels and patterns of MUC1-C expression on cancer cells as compared with normal cells.
The development of mAb-3D1 ADCs to target the diverse types of carcinomas that overexpress the MUC1-C oncoprotein offers numerous opportunities for cancer treatment (1, 2) . The available evidence indicates that MUC1-C integrates epithelial-mesenchymal transition and the cancer stem cell state with epigenetic reprogramming and drug resistance of carcinoma cells (8), further establishing MUC1-C as a highly important target for refractory tumor cell populations. Accordingly, mAb 3D1 was humanized for clinical development, noting that humAb 3D1 retains the binding affinity and specificity for MUC1-C/ ED, as demonstrated for the mouse antibody. In addition, the humAb-3D1-MMAE ADCs are active against carcinoma cells in vitro and in in vivo models. Based on these findings, the humAb-3D1-MMAE ADC is being advanced to investigational new drug-enabling studies as a strategy for the immunotherapy of cancer. Of further interest in this regard is the previously unrecognized role for MUC1-C in promoting immune evasion by driving PD-L1 expression and suppressing that of immune effectors, such as IFN-γ, in NSCLC cells (14) . As a result, targeting MUC1-C function with the GO-203 inhibitor of the intracellular domain downregulates PD-L1, induces IFN-γ, and enhances effector activity of CD8 + tumor-infiltrating T cells in MUC1.Tg mouse models of NSCLC and TNBC (15, 31) and in patients with acute myelogenous leukemia (32) . These findings have highlighted the potential for targeting MUC1-Cexpressing cancer cells as an approach for reprogramming of the tumor microenvironment.
In summary, humAb-3D1-MMAE ADC-mediated killing of cancer cells could be effective in reversing the suppressive immune microenvironment of tumors, thereby enhancing the activity of other immunotherapeutic agents, including antibodies used for blockade of the PD-1/PD-L1 axis. mAb 3D1 could also be useful in targeting MUC1-C-expressing cancers with other approaches, including antibody-dependent cell-mediated cytotoxicity, T cell-engaging bispecific formats, and the design of CAR-T cells.
Methods
Generation of anti-MUC1-C/ED antibody. Swiss-Webster mice (The Jackson Laboratory) were injected subcutaneously and i.p. with 100 μg MUC1-C/ED protein in PBS emulsified with Complete Freund's adjuvant and CpG adjuvant. The mice were boosted i.p. at 2-week intervals after the initial immunization with MUC1-C/ED protein in Freund's incomplete adjuvant and CpG adjuvant. A final boost was performed i.v. with MUC1-C/ED protein in PBS. Immune sera from the immunized mice were screened by (a) flow cytometry of MUC1-positive and MUC1-negative cell lines and (b) reactivity with MUC1-C/ED protein using an ELISA. Four days after the final boost, spleens from selected mice were harvested for fusion with mouse sp2/0-Ag14 myeloma cells. The mAb 3D1 hybridoma selected by screening supernatants with flow cytometry and ELISA was subjected to subcloning by limiting dilution to obtain a clonal cell population.
Cell culture. Human HCT116 colon cancer cells (ATCC) transduced to stably express an empty vector or MUC1 (22) , human MDA-MB-468 breast cancer cells (ATCC) transduced to express a control scrambled CshRNA or a MUC1 shRNA (23) , and mouse MC-38 colon cancer cells (provided by J. Schlom, National Cancer Institute, Bethesda, Maryland, USA) transduced to stably express an empty vector or MUC1 were cultured in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum (HI-FBS), 100 μg/ml streptomycin, and 100 units/ml penicillin. Human HCC827 NSCLC, H441 NSCLC, and ZR-75-1 breast cancer cells (ATCC) were grown in RPMI1640 medium supplemented with HI-FBS, streptomycin, and penicillin. Cell growth was assessed by trypan blue staining. Authentication of the cells was performed by short tandem repeat analysis. Cells were monitored for mycoplasma contamination by a MycoAlert Mycoplasma Detection Kit (Lonza).
Primary NSCLC cells. Resected NSCLC tumor was processed for analysis by flow cytometry as described previously (33) .
Flow cytometry. Cells were blocked by incubation with 1% BSA/PBS for 20 minutes on ice. After washing, the cells were incubated with 4 g/ml mAb 3D1 or an IgG1 isotype control antibody for 60 minutes on ice. FITC-conjugated goat F(ab′)2 anti-mouse immunoglobulin was used as the secondary reagent (catalog 115-096-146, Jackson ImmunoResearch). Antibody binding to the cell surface was analyzed using FACS Canto II and FACSDiva software (BD Biosciences).
ELISA. ELISA plate wells were coated overnight with 100 μl of a 1 μg/ml solution of the target proteins. Varying concentrations of mAb 3D1 or a control antibody were incubated with the coated proteins for 1 hour at room temperature. Bound primary antibody was detected by incubation with HRP-conjugated goat anti-mouse IgG (1:500 dilution; catalog 115-035-072, GE Healthcare Life Sciences). After development for 30 minutes in the presence of ABTS (Kirkegaard and Perry Laboratories), the wells were read at 405 nm using a ThermoMax plate reader (Molecular Devices) and SoftMax Pro (Molecular Devices).
Surface plasmon resonance. mAb 3D1 was immobilized in the second flow cell of Series S sensor chip CM5 (GE Healthcare) using the amine-coupling method followed by blocking with ethanolamine. MUC1-C/ED was passed through the chip at 30 μl/min for an association time of 300 seconds and a disassociation time of 1,200 seconds. Data obtained from the sensograms were analyzed using the BIAcore T200 evaluation software, Langmuir binding model (GE Healthcare), and GraphPad Prism (GraphPad Software).
Assessment of antibody internalization. mAb 3D1 and a control CD1 antibody reactive with the MUC1-C cytoplasmic domain (21) were labeled using the Alexa Fluor 488 Monoclonal Antibody Labeling Kit (catalog A20181; Invitrogen). The Alexa Fluor 488-labeled antibodies were incubated with cells on ice for 60 minutes. The cells were then washed with PBS, incubated for an additional 3 hours at 37°C, and monitored for internalization using the Nikon deconvolution wide-field epifluorescence system. Images were captured using NIS-Element software and analyzed by ImageJ (NIH) software.
IHC analysis. An indirect IHC assay for immunostaining FFPE tissues with mAb 3D1 was developed using the Intellipath auto-stainer (Biocare Medical) as described previously (34) .
Generation of ADCs. mAb 3D1, humAb 3D1, and the CD1 control antibody (21) were conjugated to MMAE (Moradec) with a cleavable linker as described previously (35, 36) . The drug-to-antibody ratio was determined by the A 248nm /A 280nm method (37) and ranged from 2.8 to 4.2. ADC-mediated cell killing was determined by the Alamar blue conversion assay (Invitrogen).
Pharmacokinetic studies. mAb 3D1 (100 μl) was administered at doses of 5 and 10 mg/kg to C57BL/6 mice (12-16 weeks old; mean body weight, 21 grams; The Jackson Laboratory) by retro-orbital injection. Blood samples were collected in BD Microtainer tubes (Becton Dickinson) from the mandibular vein. Serum mAb 3D1 concentrations were determined by ELISA.
Mouse tumor models. Six-to eight-week-old nude mice (Taconic Farms) were injected subcutaneously in the flank with 5 × 10 6 HCC827 or ZR-75-1 tumor cells in 100 μl of a 1:1 solution of medium and Matrigel (BD Biosciences). In the MUC1.Tg mouse model, 5 × 10 5 MC-38/MUC1 cells were injected subcutaneously in the flank. For the PDX model, patient-derived triple-negative breast tumor fragments (DFBC11-26; ~2 × 2 mm) were implanted into each of the third mammary fat pads of 6-to 8-week-old NCG mice (Charles River Laboratories) (38) . Mice were randomized into treatment groups when the mean tumor volume reached 100-200 mm 3 . Tumor measurements and body weights were recorded twice a week. Mice were sacrificed when tumors reached >1,000 mm 3 as calculated by the following formula: (width) 2 × length/2. Humanization of mAb 3D1. Humanization of mouse mAb 3D1 was performed by CDR grafting. Sequences from the CDR regions of the heavy and light chains were used to search for homologous sequences from the human germline database using NCBI Ig-Blast. Corresponding sequences were synthesized and integrated into a human IgG1 containing pTGE5 vector. Affinity ranking of chimeric and humanized antibodies was performed using FACS titration and SPR with BIACore T200 (GE Healthcare).
Statistics. Each experiment was repeated at least 3 times. Data are expressed as mean ± SD. The paired 1-tailed Student's t test was used to examine differences between means of two groups. A P value of less than 0.05 was considered a statistically significant difference.
Study approval. Animal studies were performed under animal protocols (03-029 and 12-029) approved by the Dana-Farber Cancer Institute Animal Use and Care Committee.
